Olfactory neuroblastoma is an unusual neuroectodermal malignancy, which is thought to arise at the olfactory membrane of the sinonasal tract. Due to its rarity, little is understood regarding its molecular and cytogenetic abnormalities. The aim of the current study is to identify specific DNA copy number changes in olfactory neuroblastoma. Thirteen dissected tissue samples were analyzed using array comparative genomic hybridization. Our results show that gene copy number profiles of olfactory neuroblastoma samples are complex. The most frequent changes included gains at 7q11.22-q21.11, 9p13.3, 13q, 20p/q, and Xp/q, and losses at 2q31.1, 2q33.3, 2q37.1, 6q16.3, 6q21.33, 6q22.1, 22q11.23, 22q12.1, and Xp/q. Gains were more frequent than losses, and high-stage tumors showed more alterations than low-stage olfactory neuroblastoma. Frequent changes in high-stage tumors were gains at 13q14.2-q14.3, 13q31.1, and 20q11.21-q11.23, and loss of Xp21.1 (in 66% of cases). Gains at 5q35, 13q, and 20q, and losses at 2q31.1, 2q33.3, and 6q16-q22, were present in 50% of cases. The identified regions of gene copy number change have been implicated in a variety of tumors, especially carcinomas. In addition, our results indicate that gains in 20q and 13q may be important in the progression of this cancer, and that these regions possibly harbor genes with functional relevance in olfactory neuroblastoma.
Olfactory neuroblastoma is rare, with an estimated incidence of 0.4 per million people per year. It accounts for approximately 2-3% of sinonasal tract tumors. 1 Olfactory neuroblastoma is a malignant neuroectodermal tumor, which is believed to originate at the olfactory membrane of the sinonasal tract. 1 Symptoms include unilateral nasal obstruction and epistaxis. The Kadish system classifies cases of olfactory neuroblastoma into three stages. Stage 1 consists of tumors confined to the nasal cavity; stage 2 tumors extend to the paranasal sinuses; and stage 3 neoplasms extend beyond the sinonasal cavities (some have added a stage 4 for those tumors with metastases). Patients with highstage tumors have a worse prognosis compared with those with low-stage tumors, as 5-year survival rates are 40 and 80%, respectively. 2 Cytogenetic data for olfactory neuroblastoma are limited. The most recently published study was carried out by Holland et al, 3 who performed cytogenetic characterization of one case using trypsin Giemsa staining (GTG banding), multicolor fluorescence in situ hybridization (M-FISH), and single-nucleotide polymorphism karyotyping. They reported numerous chromosomal aberrations predominantly involving chromosomes 2q, 5, 6q, 17, 19, 21q, and 22, as well as trisomy 8. Bockmü ehl et al 4 applied conventional comparative genomic hybridization (CGH) to 22 olfactory neuroblastomas and reported frequent deletions of 1p, 3p/q, 9p, and 10p/q, and amplifications of 17q, 17p13, 20p, and 22q. They also noted a specific deletion on chromosome 11 and gain on chromosome 1p, which were associated with metastasis and a worse prognosis. Three olfactory neuroblastomas were studied by Riazimand et al 5 using conventional CGH, and amplification of whole chromosome 19, partial gains of 1p, 8q, 15q, and 22q, and deletions of 4q and 6p were detected. Szymas et al 6 studied a single olfactory neuroblastoma and found gains of whole chromosomes 4, 8, 11 , and 14, partial gains of 1q and 17q, partial deletions of 5q and 17q, and whole chromosome losses of 16, 18, 19 , and X. In our study, we applied for the first time an oligonucleotide-based array CGH (aCGH) to identify the most frequently occurring DNA copy number changes in 13 cases of olfactory neuroblastoma. We identified novel chromosomal regions that were frequently altered in addition to previously reported abnormal regions.
Materials and methods

Tumor Samples
The Surgical Pathology Database (Department of Pathology at the University of Virginia, Charlottesville, VA, USA) was searched for resected cases of olfactory neuroblastoma. Slides from formalin-fixed, paraffin-embedded tissues were reviewed, and 15 cases were selected based on the availability of abundant and well-preserved neoplastic tissue. Only cases with conventional histology, as described by Mills and Frierson, 7 were chosen ( Figure  1 ). All cases exhibited a typical immunophenotype and were immunoreactive with antibodies to synaptophysin and not with antibodies to keratins. Areas representing cancer tissue were dissected from paraffin-embedded tumors using conventional light microscopy and scalpel blades. All 15 samples submitted for analysis were composed of at least 50% tumor cells. Each of six samples was classified as Kadish stage 2 and 3 ( Figure 1 ), whereas information regarding the stage was not available for three tumors. Patients' age ranged from 27 to 62 years. The clinicopathological data for the patients and samples are summarized in Table 1 .
DNA Extraction and Digestion
Total DNA was extracted using QIAamp DNA mini kit, according to the manufacturer's instructions (Qiagen, Hilden, Germany). DNA concentrations of the extracted samples were determined using the NanoDrop ND-1000 spectrophotometer (Nanodrop technologies, Wilmington, DE, USA) at 260/280 nm. The integrity of the extracted DNA was verified by agarose gel electrophoresis (data not shown). A 1.5 mg quantity of genomic DNA from test and reference samples was digested using Alu1 and Rsa1 restriction enzymes (Promega, Madison, WI, USA) for 2 h at 371C. To inactivate the enzymes, the samples were incubated at 651C for 20 min.
Array CGH Experiments
Array CGH was performed for 13 samples that had good quality DNA with sufficient yields. For Prior to scanning, microarray slides were washed according to the manufacturer's instructions. The microarray slides were scanned using DNA Microarray Scanner and the scanned images were analyzed using the Feature Extraction Software (Agilent Technologies). Data were imported to the CGH Analytics Software 3.4 for analysis of individual cases. Z-score algorithm with threshold at 3.5 was used in the identification of copy number changes. To obtain a global view of the copy number alteration frequencies in olfactory neuroblastoma, we also analyzed the data using GeneSpring (Agilent Technologies) and CGH Explorer software 3.1. 8 The raw data from the Feature Extraction software were imported into the GeneSpring software and normalized using the Feature Extraction data import plugin (Agilent Technologies). Outlier probes marked by Feature Extraction were ignored in normalization. Sample spot intensities were divided by control channel intensities, and microarrays were normalized to the 50th percentile and probes to the median value. Outlier probes were filtered from further analysis. Normalized and filtered data were imported into the CGH Explorer software. Copy number aberrations were identified using Piecewise Constant Fit (PCF) algorithm. Default parameters were applied to detect long copy number aberrations. The significance threshold was set at 0.2.
Results
Gene Copy Number Profiling of Olfactory Neuroblastoma
Array CGH was applied to study gene copy number alterations in 13 olfactory neuroblastoma samples. The CGH Explorer software was used to analyze global frequencies of copy number change ( Figure 2 ). A total of 15.74% of the probes were found aberrant when a threshold of 0.2 was used in the PCF analysis. DNA copy number gains (8.37%) were slightly more frequent than losses (7.36%). In addition, the CGH analytics software was used to determine copy number aberrations in individual samples. Copy number aberrations for each case are summarized in Table 2 . Changes in the copy number of entire chromosomes (aneuploidy) or chromosome arms represented 16% of all alterations; interestingly, the most altered whole chromosomes were 20, 21, 22, and X, and almost 70% of the aberrations of these were whole chromosome losses or gains.
To obtain a more detailed overview of the most frequently occurring alterations, only those alterations shared by at least 20% of the cases were recorded. This approach identified an equal number of gained and lost chromosomal regions (n ¼ 21). Tables 3 and 4 show the size of the altered areas and whether they have been reported in previous copy number change studies for olfactory neuroblastoma. The tables also include suggested target genes that are located at the sites of alteration and that may play a role in tumorigenesis.
Specific Copy Number Alterations Were Identified in Cases of Olfactory Neuroblastoma of Different Stage
A stage 3 olfactory neuroblastoma showed the most DNA copy number changes, with 59% of all alterations. Also, most aneuploidy occurred in high-stage tumors; 70% of whole-chromosome aberrations were identified in these tumors. For stage 3 tumors, the mean DNA copy number change per case was 28.5, whereas stage 2 olfactory neuroblastomas had a mean number of 17 changes per tumor. However, only 4 out of 6 stage 2 cases contained sufficient good quality DNA to perform aCGH.
To further characterize the genomic changes that occurred in a later-stage olfactory neuroblastoma, Microarray analysis of olfactory neuroblastoma M Guled et al alterations that were shared in at least half of these cases were recorded ( Figure 3) . Loss of Xp21.1 and gains of 20q11.21-q11.23, 13q14.2-q14.3, and 13q31.1 were present in two-thirds of stage 3 cancers. Gains at 5q35 and 13q, and losses at 6q16-q22, 2q31.1, and 2q33.3, were present in half of the cases. The long arms of chromosomes 13 and 20 were gained in 50% of these olfactory neuroblastomas, possibly indicating important roles in tumor progression.
Discussion
The aim of our study was to identify DNA copy number changes in olfactory neuroblastoma by aCGH. Until recently, genome-wide-profiling studies have relied on conventional CGH in chromosome band resolution. In one study, FISH and single-nucleotide polymorphism microarray analysis were used for one case of olfactory neuroblastoma. 3 Moreover, the CGH studies of cytogenetic aberrations in olfactory neuroblastoma are few. [4] [5] [6] We performed an oligonucleotide-based aCGH analysis on 13 olfactory neuroblastoma samples, which, to the best of our knowledge, was the first time that array-based CGH was applied to study the copy number changes in this neoplasm. Several copy number changes reported in previous studies were observed in our study, with identical, overlapping, or slightly different minimal common regions of alteration. Gains at the distal parts of 1p, 4, 9p, 13q, 15q, 22q, and 21q, and deletions at 4p and X, were reported in at least one study. Gains at 7q11 and 20q and deletions at 2q, 5q, 6p, 6q, and 18q were detected in two studies (Tables 3 and 4) . Overall, olfactory neuroblastomas have highly complex copy number changes that occur over the entire genome. All samples analyzed showed genomic imbalances with slightly more gains than losses. As expected, aCGH revealed more copy number changes than previous studies that used conventional CGH. Furthermore, our results showed novel aberrations, which were not described in previous The start and end points of the particular aberration were estimated from CGH Explorer software. Number of genes in the area is according to NCBI database. Previously reported results that match those obtained in this study are also indicated. a Gains in at least 30% of the cases.
reports. In accordance with at least two previous studies, we found gains at 7q11.2 and 20q13, and losses at 2q31-q37, 5q, 6p, 6q, and 18q. In addition to these previously reported alterations, we identified novel gains in our samples at 5q34-q35, 6p12.3, 10p12.31, 12q23.1-q24.31, and all of chromosome We identified a 770 kb region of chromosomal gain at 7q11.2. This region has been implicated in other cancers, and is overexpressed in prostate carcinomas, adenoid cystic carcinomas, head and neck squamous cell carcinomas, and pancreatic endocrine tumors. [9] [10] [11] [12] Candidate genes located within this region include LIMK1 (NCBI GeneID: 3984), a possible oncogene that contributes to cell cycling and invasion. Another possible candidate is FZD9 (GeneID: 8326), a member of the 'frizzled' gene family that is upregulated in astrocytomas and gastric carcinomas. 13, 14 A 6 Mb region of gain at 20q13.32-q13.33 was also identified. DNA copy number increases at chromosome 20q13 have been observed frequently in a variety of cancers, including breast, ovarian, and squamous cell carcinomas, 15 suggesting that the region harbors one or more oncogenes. In particular, 20q13.2 has been proposed as a hotspot for candidate genes. 15 It should also be noted that overexpression at this locus has been associated with reduced patient survival and higher tumor grade. 20q13.3, frequently overexpressed in ovarian cancers, has been recently shown to localize the BRK tyrosine kinase gene (GeneID: 5753), which is thought to have an important role in the development of ovarian cancers. 16 Losses occurring at chromosome 2q have been described for various carcinomas, including head and neck squamous cell carcinoma, [17] [18] [19] breast carcinoma, 20 lung carcinoma, 21 neuroblastoma, 22 cervical cancer, 23 and prostate adenocarcinoma. 24 Studies using different approaches have increasingly shown that the most affected region is 2q32-q37. This region also seems to be implicated in the development of ONB, as it has been reported in three cytogenetic studies including our investigation. Several candidate tumor suppressor genes have been suggested, including ADAM23 (GeneID: 8745), thought to function as an adhesion molecule, which promotes the attachment of neural cells. 25 This gene at 2q33.3 was lost in 20% of all olfactory neuroblastoma samples analyzed and, more significantly, in 50% of stage 3 tumors. Takada et al have suggested an essential role for this candidate tumor suppressor gene in the progression of gastric cancer, and our results indicate that this might be the case for olfactory neuroblastoma as well.
Another area of loss identified in our study, and also reported by Bockmü hl et al 4 and Holland et al, 3 is located at 6q21-22. This region is frequently deleted in a variety of neoplasms, including pancreatic endocrine tumors, 26 prostate carcinoma, 27 breast carcinoma, 28 and central nervous system lymphomas. 29 Three main putative tumor suppressor genes have been proposed, including FOXO3 (GeneID: 2309), CCNC (GeneID: 892), and PTPRK (GeneID: 5796). The first two candidate genes are in the regions found to be deleted in our samples.
Our study also identified two small gains at 9p13.3 (782 kb) and 13q34 (363 kb) that were previously reported by Holland et al. The 9p13.3 locus has been shown to be gained in prostate cancer cell lines in two recent studies using aCGH. 30, 31 These authors suggested the involvement of three genes, including UBE2R2 (GeneID: 54926), DCTN3 (GeneID: 11258), and IL-11RA (GeneID: 3590). Kamradt et al screened 20 primary prostate cancer samples and found that only IL-11RA was gained in 75% of the tumors, whereas only DCTN3 was not gained in any of the cases; both genes were gained together in 10% of the tumors. This observation led the authors to suggest that IL-11RA is the target of gain rather than DCTN3. Gains at 13q34 have also been described previously in different cancers, including breast cancer, hepatocellular carcinoma, esophageal squamous cell carcinoma, and lung adenocarcinoma. 32 The TFDP1 (GeneID: 7027) and CUL4A (GeneID: 8451) genes were suggested as target genes that possibly have a role in carcinogenesis. Further studies are required to determine if these genes are involved in olfactory neuroblastoma.
As for most tumors, stage is the most important parameter associated with survival in olfactory neuroblastoma. 2 Our results clearly indicate that alterations in 20q and 13q are important in the progression of olfactory neuroblastoma. Gain of 20q has been widely associated with progression of several tumors, including breast carcinoma, 33 cervical carcinoma, 34 and pancreatic carcinoma. 35 Both losses and gains of chromosome 13q have been noted in many recent studies of various tumors, suggesting the existence of novel oncogenes or tumor suppressor genes or both in this region. Furthermore, this region has been reported to contain microRNAs that could function as tumor suppressor genes or oncogenes. 36 The only known tumor-related gene in this region is the tumor suppressor gene RB1. It is associated with loss of function or decreased gene expression in tumor cells and, consequently, cannot be considered further. Lillington et al 37 found that gain of 13q is more frequent in older patients, whose tumors display more abnormalities than those in younger patients. These authors have also reported that gain of 13q is seen more frequently in poorly differentiated malignancies, which typically contain more abnormalities than well-differentiated cancers. Gains of both 13q and 20q are seen in colorectal carcinomas and their progression. 38, 39 In conclusion, we have identified novel chromosomal regions, which are frequently altered in olfactory neuroblastoma. When the results of our study are combined with previously published data, several regions are identified that are consistently abnormal in olfactory neuroblastoma. These regions are also frequently associated with tumorigenesis of a variety of cancers, especially carcinomas. A number of genes located at these sites have been suggested to be important, but further experiments are required to determine their roles in olfactory neuroblastoma.
